Introduction
Social objectives are promoting lightweight construction [1] [2] [3] [4] to reduce the amount of emission from automobiles, thus the usage of metallic materials with a high strength per weight, such as aluminum alloys, magnesium alloys and high-strength steels is increasing rapidly in sheet forming industries. The larger amount of springback after sheet forming of metallic materials such as high-strength steels and aluminum alloy sheets necessitates the evolution of sheet forming technologies to innovate the design of tools to anticipate springback after releasing, or to develop a novel sheet forming process for suppressing springback, which can be realized by forming metallic materials at elevated temperatures. With the aim of increasing formability, warm and hot sheet formings have been investigated for steel, 5, 6) magnesium alloys [7] [8] [9] and aluminum alloys. [10] [11] [12] [13] [14] [15] However, no investigations have been performed for suppressing the springback of steel sheets in the warm temperature range. The authors previously clarified the basic characteristics of springback in warm and hot sheet formings of highstrength steel experimentally and analytically, and found that the amount of springback is markedly reduced when the temperature of the plastically deforming zone is higher than 750 K. 16) This marked decrease in springback in the warm forming temperature range is caused by partial ferrite recrystallization, which is confirmed by the quantitative measurements of microstructure before and after sheet forming and elastic-plastic FEM. 16) In this report, quasi-isothermal sheet forming experiments on 300 mm square-1 mm thickness high-strength steel sheets and aluminum alloy sheets are conducted using newly developed forming dies with a built-in heater and a 3 000 kN hydraulic press, aiming at clarifying that springback-free sheet metal forming of high-strength steel and aluminum alloy can be realized in the warm temperature range on an industrial scale. Also, these results obtained for industrial-scale quasi-isothermal warm sheet forming are confirmed precisely by isothermal V-bending tests in a hot compression testing machine. Here, a marked decrease in springback is observed when the forming temperature of TRIP (transformation-induced plasticity) and DP (dualphase) steels, as well as that of mild and precipitation-hardened steels, 16 ) is higher than 750 K, which is approximately the critical temperature for the onset of ferrite recrystallization. However, the springback-free forming of aluminum alloy sheets can be realized only in the hot forming temperature (higher than recystallization temperature) range. Quasi-isothermal sheet forming experiments of 300 mm square-1 mm thickness sheets are conducted using newly developed forming dies with a built-in heater and a 3 000 kN hydraulic press, and the characteristics of springback reduction due to the elevation in forming temperature are clarified. The springback-free forming of high-strength steel sheets is realized in the warm forming temperature range. This result is confirmed by isothermal V-bending tests in a hot compression testing machine, where a marked decrease in springback is observed when the forming temperature of mild, precipitation-hardened, TRIP and dual-phase steels is higher than 750 K, which is approximately the critical temperature for the onset of ferrite recrystallization.
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able to keep the temperature of the sheet forming within the target forming temperature such as a warm temperature, the sheet forming dies equipped with a built-in heater are now being newly developed. The dies and 3 000 kN hydraulic press used in our experiments are shown in Fig. 1 , and the die composition is shown in Fig. 2 . Five heating control units are embedded in the dies, and each control unit can control the temperature of the dies at the target temperature with four cartridge heaters. We can intentionally apply the distributed temperature to the dies if we change the target temperature of the five heating units, however, in the experiments shown in this report, the target temperatures of all controlling units are identical. The maximum heating temperature of the cartridge heater is approximately 1 000 K, however, the experiments are carried out at warm temperatures under 773 K. These dies are designed to form a 'railshape' product, as shown in Fig. 3 . This shape is chosen as an example because the geometry of this product includes the specific characteristics of parts in automotive body frames as front and side members. Another reason is that this sheet forming involves the typical deep drawing of three-dimensional products. Other experimental conditions are summarized in Table 1 .
The cold blank is placed between the forming dies, and then heated and formed simultaneously in the warm temperature range where springback-free forming is realized. This type of forming tool is effective in warm sheet forming of high-strength steels from the characteristics of sheet forming as the heat capacity of the sheets is much smaller than that of the forming dies, so that the sheets are formed with a short interval time without additional difficulties once the dies are heated to the target forming temperature. Also, there is no need to install an external heating system such as a furnace, induction or resistance heating devices. The material of the forming dies is not markedly damaged by the rise in temperature, because the springback-free forming in the warm temperature range necessitates an increase in temperature only up to 773 K.
Results
The geometries of formed DP600 steel (600 MPa dualphase high-strength steel) sheets and aluminum A6016-T4 sheets are shown respectively in Figs. 4 and 5, for different temperatures under forming. Note that springback is reduced markedly when the forming temperature of highstrength steel sheet, correctly the temperature of dies, is 773 K, which is in the warm forming temperature range. As pointed out in the previous report, 16) the main cause of this springback-free phenomenon after warm sheet forming is © 2006 ISIJ Fig. 1. 3 000 kN hydraulic press and forming dies used in industrial scale experiment.
Fig. 2.
Composition of dies with built-in heater for quasiisothermal forming. the partial nucleation of ferrite grains, or partial ferrite recrystallization in this temperature range. However, as for the forming of aluminum alloys, springback-free forming can be realized at 523 K, which is the hot forming temperature of aluminum. This may be because there is no nucleation of new grains under the warm forming temperature of aluminum alloys used for this experiment.
Since springback takes place in a three-dimensional manner, it is not so easy to evaluate the amount of springback quantitatively at every point on a sheet after forming, without using a precise measuring system and defect evaluator. As 'how to measure and evaluate the geometries of a formed sheet' is still a disputable problem, a simple but practical measurement is carried out to evaluate the amount of springback as is shown in Fig. 6 . Here, the formed sheets are placed on a jig, and the vertical distance between the corner of flange and two predetermined points on the sheets after forming, as shown in Fig. 6 , is measured. The results of measurements on the amount of springback are shown in Fig. 7 for DP600 steel and aluminum alloy A6016-T4. It is clear that springback-free forming can be realized on an industrial scale at the warm forming temperature of 773 K, such as for steels, but it necessitates a hot forming temperature of 523 K for the aluminum alloy A6016-T4.
Isothermal Bending Tests Inside Hot Compression
Testing Machine
Experimental Procedure
Aiming at confirming the results obtained by industrialscale experiments shown in the previous chapter, the bending tests are made under the precise control of temperature in the plastically deforming zone using the hot compression testing machine shown in Fig. 8 . The temperature of the test piece is controlled to maintain the target testing temperature by induction heating. A thermocouple of approximately 0.5 mm diameter is welded at the position of the test piece where the temperature is controlled precisely. Using the deviation in measured temperature from the target temperature as an input signal, the electric current of induction heating is controlled by PID feedback, which is illustrated in Fig. 9 . The geometries of the dies and test piece are shown in Fig. 10 . Here, the left one is used for V-bending of steels and the right one is that for aluminum alloy A6016-T4. The experimental conditions are summarized in Table 2 . Two types of high-strength steels, namely, TRIP (transformation-induced plasticity) steel and DP600 (dualphase) steel, and aluminum alloy are newly tested, and the effects of the temperature of the plastically deforming zone, or bending zone, on the amount of springback are clarified precisely.
Results and Discussion
The results of isothermal bending test are shown in Fig.  11 . Similar results for mild steel and precipitation-hardened steel (hereinafter referred to as PH540), which were reported briefly in the previous report, 16) however, the amount of experimental data has increased markedly; shown in Fig.  12 as a reference. Figure 13 shows the results for the aluminum alloy A6016-T4.
It is commonly believed that the effect of springback reduction is evident only when the forming temperature is beyond the recrystallization temperature of austenite, which is approximately 1 000-1 100 K for steels. [17] [18] [19] From the results shown in Figs. 11 and 12 , springback after sheet forming of high-strength steels can be reduced markedly even when the temperature of plastically deforming zone is far less than the recrystallization temperature of austenite. If anything, springback can be decreased markedly in the warm forming temperature, while the microstructures of steels are in the ferrite-pearlite phase at 750 K. This phenomenon is commonly observed in mild steel SPCC as well as three types of high-strength steel, namely, precipitationhardened steel, TRIP (transformation-induced plasticity) steel and DP (dual-phase) steels.
As is pointed out in the previous report, 16) in the 'die quenching process', [17] [18] [19] the forming temperature cannot remain in the target forming temperature due to the heat conduction to the dies, even though the heating temperature is beyond the recrystallization temperature of austenite. The other side of the coin is that the steel must not experience the inverse transformation from ferrite to austenite to reduce springback, or to realize springback-free forming only within the ferrite-pearlite range, or warm forming range such as at 750 K.
Conclusion
Quasi-isothermal sheet forming experiments of 300 mm square-1 mm thickness sheets are conducted using the newly developed forming dies with a built-in heater and a 3 000 kN hydraulic press, aiming at clarifying that springback-free sheet metal forming of high-strength steel and aluminum alloy can be realized in the warm or hot forming temperature range on an industrial scale. Also, these are confirmed precisely by isothermal V-bending tests in a hot compression testing machine, where a marked decrease in springback is observed when the forming temperature of mild steel as well as that of three types of high-strength steel, namely, precipitation-hardened steel, TRIP (transformation-induced plasticity) steel and DP (dual-phase) steel is higher than 750 K, which is approximately the critical temperature for the onset of ferrite recrystallization. As for the aluminum alloy, a hot forming temperature is required to realize the springback-free forming.
One of the important social objectives of R&D activities in the engineering field is to pursue environmental consciousness, and the key issue is the reduction of the amount of emission from automobiles, because more than 20 % of all the CO 2 exhaust in the world comes from automobiles. Thus, the requirements for lightweight construction will increase in the future, which is associated with the usage of metallic sheets with a higher strength per weight, thus increasing difficulties lie in cold sheet forming due to the large amount of springback after forming. From this aspect, it is quite important to know that springback-free forming can be realized in the warm temperature range, which has been proven for four types of steels in this report. Also this warm forming of sheet can be realized on an industrial scale using the dies with a built-in heater without using an external heating system as is shown in this report.
This forming system is practical as it could be easily installed in sheet forming shops, because it is based on the concept of 'die heating' and 'simultaneous warm forming'. This warm forming system is advantageous to control the temperature of the sheet under forming in the warm temperature range, or target forming temperature. Another advantage of this system is that it will not sacrifice the productivity of sheet forming operations, because we do not require an additional external heating device such as a furnace, or an induction or resistance heating device.
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